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(57) ABSTRACT

Disclosed are plasmonic near-field transducers that are useful
in heat-assisted magnetic recording. The disclosed plasmonic
near-field transducers have an enlarged region and a flared
region. In some embodiments the disclosed plasmonic near-
field transducer can also include a peg region. The flared
region can act as a heat sink and can lower the thermal
resistance of the peg region of the near-field transducer, thus
reducing its temperature. Also disclosed are methods that
include delivering light to a magnetic transducer region via a
waveguide, recerving the light at a plasmonic near-field trans-
ducer having an output end and disposed 1n proximity to the
magnetic transducer region, and delivering a surface plas-
mon-enhanced near-field radiation pattern proximate the out-

put end of the plasmonic transducer 1n response to receiving
the light.

17 Claims, 7 Drawing Sheets
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NEAR-FIELD TRANSDUCER WITH FLARE
PEG

SUMMARY

Various embodiments disclosed herein are generally
directed to methods, systems, and apparatuses that facilitate
coupling a laser diode to a magnetic writer that includes a
magnetic write head. The methods, systems and apparatuses
include a plasmonic near-field transducer for heat-assisted
magnetic recording (HAMR). Typical near-field transducers
can generate a large amount of heat 1n their writing tip. Dis-
closed are solutions to this heat buildup.

In one aspect, an apparatus 1s disclosed that includes a
waveguide shaped to direct light to a focal point and a plas-
monic near-field transducer positioned adjacent to the focal
point. The plasmonic near-field transducer includes an
enlarged region at an mput end and a flared region that nar-
rows towards an output end. The flared region 1s 1n contact
with the enlarged region. The plasmonic near-field trans-
ducer, optionally, comprises a peg region that extends from
the flared region to the output end. The plasmonic near-field
transducer has a break point located on the enlarged region at
a point closest to the output end of the flared region. The
output end 1s adjacent to an air-bearing surface.

In another aspect, a method 1s disclosed that includes del1v-
ering light to a magnetic transducer region via a waveguide,
receiving the light at a plasmonic near-field transducer having,
an output end and disposed in proximity to the magnetic
transducer region, and delivering a surface plasmon-en-
hanced near-field radiation pattern proximate the output end
ol the plasmonic transducer in response to recerving the light.
The near-field transducer includes an enlarged region at an
input end and a flared region in contact with the enlarged
region at a break point. The near-field transducer, optionally,
can 1nclude a peg having an end 1n contact with the enlarged
region at a flare angle and an output end adjacent to an
air-bearing surface.

The disclosed plasmonic near-field transducers are usetul
in heat-assisted magnetic recording. The plasmonic near-field
transducers have an enlarged region and a peg region. The peg
region includes a flared region 1n proximity to an air-bearing
surface above a recording medium. The flared region can act
as a heat sink and can lower the thermal resistance of the peg
region ol the near-field transducer, thus reducing its tempera-
ture.

In this disclosure:

“break point” refers to the point on the enlarged portion of
a disclosed near-field transducer that 1s 1n contact with the
flared region of the disclosed near-field transducer and 1is
closest to the output end of the disclosed near-field trans-
ducer.

The above summary 1s not intended to describe each dis-
closed embodiment or every implementation of the present
disclosure. The figures and the detailed description below
more particularly exemplify illustrative embodiments

BRIEF DESCRIPTION OF THE DRAWINGS

Throughout the specification reference 1s made to the
appended drawings, where like reference numerals designate
like elements, and wherein:

FIG. 1 1s a perspective view of a hard drive slider that
includes a disclosed near-field transducer.

FIG. 2 1s a more detailed front view of the hard drive slider
shown in FIG. 1.

FIG. 3 1s a plan view of a typical near-field transducer.
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FIG. 4A 1s a plan view of an embodiment of a disclosed
near-field transducer that has a flared region.

FIG. 4B 1s a plan view of an embodiment of a disclosed
near-field transducer that has a peg extending from a tlared
region.

FIG. 5A 1s aphotomicrographs of a typical near-field trans-
ducer.

FIG. 5B 1s a photomicrograph of a disclosed near-field
transducer with a tlared peg.

FIGS. 6A and 6B are photomicrographs of two difierent
magnifications of a disclosed near-field transducer with a
flared peg.

FIG. 7TA-I are a series of NFT designs with varying flares
and peg regions used.

The figures are not necessarily to scale. Like numbers used
in the figures refer to like components. However, 1t will be
understood that the use of a number to refer to a component in
a given ligure 1s not intended to limit the component 1n
another figure labeled with the same number.

DETAILED DESCRIPTION

In the following description, reference 1s made to the
accompanying set of drawings that form a part of the descrip-
tion hereof and in which are shown by way of illustration
several specific embodiments. It 1s to be understood that other
embodiments are contemplated and may be made without
departing from the scope of the present disclosure. The fol-
lowing detailed description, therefore, 1s not to be taken in a
limiting sense.

Unless otherwise indicated, all numbers expressing feature
s1zes, amounts, and physical properties used in the specifica-
tion and claims are to be understood as being modified 1n all
instances by the term “about.” Accordingly, unless indicated
to the contrary, the numerical parameters set forth in the
foregoing specification and attached claims are approxima-
tions that can vary depending upon the desired properties
sought to be obtained by those skilled 1n the art utilizing the
teachings disclosed herein. The use of numerical ranges by

endpoints includes all numbers within that range (e.g. 1 to 5
includes 1, 1.5, 2,2.75,3,3.80, 4, and 5) and any range within
that range.

The present disclosure i1s generally directed to read-write
heads used in magnetic recording devices such as hard drives.
In particular, this disclosure relates to heat-assisted magnetic
recording (HAMR), which can be used to increase areal data
density of magnetic media. In a HAMR device, information
bits are recorded 1n a storage layer at elevated temperatures in
a specially configured magnetic media. The use of heat can
overcome superparamagnetic effects that might otherwise
limit the areal data density of the media. As such, HAMR
devices may include magnetic write heads for delivering elec-
tromagnetic energy to heat a small confined media area (spot
s1ze) at the same time the magnetic write head applies a
magnetic field to the media for recording.

One way to achieve a tiny confined hot spot 1s to use an
optical near-field transducer (NFT), such as a plasmonic opti-
cal antenna or an aperture, located near an air bearing surface
of a hard drive slider. Light may be launched from a light
source (e.g., a laser diode) 1into optics integrated into a slider.
An example of such integrated optics includes a waveguide
formed from core and cladding layers with high contrast
between respective refractive indices. Light propagating in
the waveguide may be directed to an optical focusing ele-
ment, such as a planar solid immersion mirror (PSIM). The
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PSIM may concentrate the energy mnto a NFT. The NFT
causes the energy to be delivered to the media 1n a very small
Spot.

A waveguide, NFT, and PSIM are examples of integrated
optical devices that are formed within the slider. The field of
integrated optics generally relates to the construction of
optics devices on substrates, sometimes 1n combination with
clectronic components, to produce functional systems or sub-
systems. For example, light may be transierred between com-
ponents via waveguides that are built up on a substrate using,
layer deposition techniques. These waveguides may be
formed as a layer of materials, with a middle core layer having
a relatively high refractive index, and top/bottom cladding
layers of relatively low refractive index. Other optical com-
ponents may be formed 1n similar fashion, including the NFT
and PSIM discussed above.

In a HAMR slider, light 1s launched into these integrated
optics components from a light source such as a laser diode.
One way to launch light into a slider 1s from an externally
mounted laser via an optical waveguide or grating coupler
fabricated 1n a slider. Another way 1s to place a laser light
source, such as a laser diode, into the slider, called laser-in-
slider (L1S) light delivery. In laser-in-slider configurations,
light 1s launched from the emitting facet of a laser diode 1nto
an optical waveguide. Laser-in-slider light delivery can be
integrated at a water level and may be suitable for mass
production.

FIG. 1 1s a perspective view of a hard drive slider that
includes a disclosed plamonic near-field transducer (NFT).
HAMR slider 100 1includes laser diode 102 located on top of
HAMR slider 100 proximate to trailing edge surface 104 of
HAMR slider 100. Laser diode 102 delivers light proximate
to read/write head 106, which has one edge on air bearing
surface 108 of HAMR slider 100. Air bearing surface 108 1s
held proximate to a moving media surface (not shown) during,
device operation.

Laser diode 102 provides electromagnetic energy to heat
the media at a point near to read/write head 106. Optical
coupling components, such as a waveguide 110, are formed
integrally within HAMR slider 100 to deliver light from laser
diode 102 to the media. In particular, local waveguide 110 and
NFT 112 may be located proximate read/write head 106 to
provide local heating of the media during write operations.
Laser diode 102 1n this example may be an itegral, edge-
emitting device, although 1t will be appreciated that
waveguide 110 and NFT 112 may be used with any light
source and light delivery mechanisms. For example, a surface
emitting laser (SEL) may be used instead of an edge firing
laser.

While the example 1n FIG. 1 shows laser diode 102 inte-
grated with HAMR slider 100, NFT 112 discussed herein
may be useful in any type of light delivery configuration. For
example, 1n a free-space light delivery configuration, a laser
may be mounted externally to the slider, and coupled to the
slider by way of optic fibers and/or waveguides. The slider 1n
such an arrangement may include a grating coupler into
which light 1s coupled and delivered to slider-integrated
waveguide 110 which energizes NET 112.

A HAMR device utilizes the types of optical devices
described above to heat a magnetic recording media (e.g.,
hard disc) 1n order to overcome superparamagnetic effects
that limit the areal data density of typical magnetic media.
When writing to a HAMR medium, the light can be concen-
trated 1into a small hotspot over the track where writing takes
place. The light propagates through waveguide 110 where 1t 1s
coupled to NFT 112 either directly from the waveguide or by
way of a focusing element. Other optical elements, such as

5

10

15

20

25

30

35

40

45

50

55

60

65

4

couplers, mirrors, prisms, etc., may also be formed integral to
the shider. The optical elements used 1n HAMR recording
heads are generally referred to as integrated optics devices.

As aresult of what 1s known as the diffraction limit, optical
components cannot be used to focus light to a dimension that
1s less than about half the wavelength of the light. The lasers
used 1n some HAMR designs produce light with wavelengths
on the order o1°700-1550 nm, yet the desired hot spot is on the
order of 50 nm or less. Thus the desired hot spot size 1s well
below half the wavelength of the light. Optical focusers can-
not be used to obtain the desired hot spot size, being diffrac-
tion limited at this scale. As aresult, NFT 112 1s employed to
create a hotspot on the media.

NFET 112 1s a near-field optics device designed to reach
local surface plasmon resonance at a designed wavelength. A
waveguide and/or other optical element concentrates light on
a transducer region (e.g., focal point) where NFT 112 1s
located. NFT 112 1s designed to achieve surface plasmon
resonance 1n response to this concentration of light. At reso-
nance, a high electric field surrounds NFT 112 due to the
collective oscillations of electrons at the metal surface. Part of
this field will tunnel 1nto a storage medium and get absorbed,
thereby raising the temperature of a spot on the media as 1t
being recorded. NFTs generally have a surface that1s made of
a material that supports surface plasmons such as aluminum,
gold, silver, or copper. They may also have other materials but
they must have a material that supports surface plasmons on
their outer surface.

FIG. 2 1s a front view of a disclosed apparatus showing
clectrical and optical interface features of slider assembly 200
that mates with an edge-emitting laser diode (e.g., laser diode
102 in FIG. 1). Cavity 212, solder bumps 214, wavegude
iput 216, waveguide 210, and air bearing surface 208 seen
here, were previously 1llustrated in FIG. 1. Solder bumps 214
on slider assembly 200 are configured to interface with the
plurality of solder pads on the lower surface of a laser diode.
The laser diode may include an output facet on one end that
launches light into waveguide input 216 of waveguide 210 for
delivery to the recording media. Integrated optics associated
with light delivery may include coupling elements, beam
expanders 222, collimators, focusing elements 226, such as
PSIM, concentrating elements, 228 such as a plasmonic near-
field transducer focused adjacent to focal point 230. Further-
more, located at the edge of cavity 212 between the laser
diode and waveguide mput 216 1s gap 215. The size of gap
215 may depend on the alignment of the laser diode to cavity
212, but a typical size may be from about 0.25-1.0 um and up
to about 10 um. Gap 215 may also have an aspect ratio of
about 5 to 6. The aspect ratio 1s the ratio between depth of
cavity 212 and the width of cavity 212.

The present disclosure relates to a system and apparatus
comprising a plasmonic near-field transducer that includes a
flared peg region, as well as, a method for delivering light
comprising a near-field transducer with a flared peg region. In
one aspect a disclosed apparatus comprises waveguide
shaped to direct light to a focal point (e.g, 230 from FIG. 2),
and a plasmonic near-field transducer positioned adjacent to
the focal point. The near-field transducer comprises an
enlarged region at an input end, and a flared region in contact
with the enlarged region at a break point. A peg region com-
prises the flared region and has an output end adjacent to an
air-bearing surface (ABS). The flared region further com-
prises a flare angle (o), wherein the tlare angle (o) 1s the angle
between a reference position normal to the air-bearing surface
and an outside edge of the flare region (as shown on FIG. 4A).
In addition, the peg may also include a narrow region dis-
posed at 1ts output end and adjacent to an air-bearing surface.
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In another aspect, a disclosed system comprises means for
delivering light to a magnetic transducer region. A plasmonic
near-field transducer disposed in proximity to the magnetic
transducer region has means for receiving the light. The plas-
monic near-field transducer has means for providing a surface
plasmon-enhanced near-field radiation pattern proximate an
output end of the plasmonic near-field transducer 1n response
to receiving the light. The plasmonic near-field transducer 1s
positioned adjacent to a focal point. In some cases the focal
point may be in reference to a location on a magnetic media.
The system may comprise means for recording to a magnetic
media proximate the output end (1.e. the focal point) of the
plasmonic near-field transducer 1n response to receiving the
light. The near-field transducer may also comprise an
enlarged region at an input end, and a flared region 1n contact
with the enlarged region at a break point. The flared region
turther comprises a flare angle (o). The flare angle (o) 1s the
angle that the edge of the flared region makes with either the
edge ol apeg, 1l present, or a line normal to the direction of the
clectrons emanating from the output end towards the air-
bearing surface. In addition, the flared region may also
include a peg region disposed at the end of the flared region,
the peg region having an output end adjacent to an air-bearing,
surface.

In the following drawings for near-field transducers, the
s1ze of the enlarged region 1s much larger than that of the
flared region or peg region. The figures are modified 1n rela-
tive size to fit on the paper. FIG. 3 1s a plan view of an example
of the near-field transducer used in HAMR magnetic record-
ing systems and apparatuses. NFT 300 includes enlarged
circular disc region 302 and peg region 304 that 1s disposed
proximate the media-facing surface. NFT 300 1s formed from
a thin film of plasmonic matenal (e.g., gold, silver, copper,
aluminum, or alloys thereot) on a substrate parallel plane of
the slider proximate the write pole. Typically, the substrate
can include silicon, aluminum titanmium carbide, or any other
substance having low conductivity. The light delivery
waveguide 1s shaped to direct light to a focal point and del1v-
ers light 306 and 307 to first and second sides 302aq and 3025
of NFT 300 which 1s positioned adjacent to the focal point.
Light 306 and 307 causes plasmon resonance on the surface
of NFT 300, and plasmons 308 generated by this resonance
are emitted from peg region 304 towards the data storage
media where they are absorbed to create a hotspot.

Temperature increase nside the peg region of NFTs 1s a
challenge 1n HAMR write heads. It would be desirable to
design an NFE'T that has less of a temperature increase than
NF'Ts known 1n the art. To reduce the temperature of the peg
region of an NFT the thermal resistance of the peg should be
reduced. However, the thermal resistance of the peg must also
be reduced without substantially compromising the trans-
ducer performance (i1.e. coupling efliciency). The coupling
elficiency 1s the percentage of energy absorbed into the media
surface, divided by the energy input at the incident plane of
the PSIM from the energy source.

Also, related to the temperature increase 1s the thermal
resistance. Thermal resistance of an object 1s directly propor-
tional to the length of the object and 1nversely proportional to
the cross-sectional area and thermal conductivity of the object
(Fourier’s Law). A typical material for an NFT 1s gold which
has good mechanical and optical/plasmonic properties com-
pared to other materials. Varying the NF'T material may not
substantially increase the thermal conductivity. Therefore,
other means are required for reducing the thermal resistance
of the peg region. In one aspect, to minimize thermal resis-
tance the length of the peg region may be decreased. In
another aspect, to minimize thermal resistance the cross-
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sectional area of the peg may also be increased. However, the
cross-sectional area of the peg at the air-bearing surface,
nearest the recording media, 1s dictated by the parameters
required for magnetic recording. Additionally, specific wave-
length of light from the laser diode dictates the size of the
enlarged region (disc) of the NFT and the peg length 1n order
to get optimal (maximum) coupling efficiency of the laser
light to the NFT. As aresult, the disclosed approach to an NFT
with lower thermal resistance 1s to use an NF'T with a flared
region as shown in FIGS. 4A and 4B.

FIG. 4A 15 a plan view of an embodiment of a disclosed
near-field transducer used in a HAMR magnetic recording
apparatus or system. NF'T 400 includes enlarged region 402 at
an input end, 1n contact with flared region 412 at break point
420. Flared region 412 narrows to output end 407 disposed
adjacent to the media-facing surface. NFT 400 1s formed from
a thin film of plasmonic material (e.g., gold, silver, copper,
aluminum, or an alloy thereot) on a substrate parallel plane of
the slider proximate the write pole.

Flared region 412, has flare angle, (o), wherein (o) 1s the
angle between a reference position normal to output end 407
(or the air-bearing surface) and an outside edge of flare region
412. In FIG. 4A the flare angle, (o), of peg region 404 is
shown by the dotted lines indicating the angle. Further, peg
region 404 directs energy 408 produced by plasmons at out-
put end 407 that emanates towards the air-bearing surface of
magnetic recording medium (not shown) in direction of plas-
mon energy arrows 408. Enlarged region 402 may comprise a
variety of geometries and 1s not limited to a circular disc, as
shown 1n FIG. 4A. For example, enlarged region 402 may
have a circular, elliptical, rectangular, or triangular cross-
section. Furthermore, each cross-section may include
extended regions to create an even larger cross-sectional area.
Flared region 412 defines a volume of plasmonic material that
1s larger than that of a typical NFT without a flared region
(e.g., NFT 300 from FIG. 3). This larger volume of flared
region 412 provides lower thermal resistance than in a typical
NFE'T by providing a larger cross-sectional area that can act as
a heat sink and direct more heat away from flared region 412.

In some embodiments, the flared region of the disclosed
near-field transducers can include a peg region that extends
from the break point to the output end and has a length (e.g.,
426 from FIG. 4A) from about 10 nm to about 30 nm, from
about 15 nm to about 25 nm, or about 20 nm. In some embodi-
ments, the flare angle, a, can make an angle of from about
1 5degrees to about 30 degrees from the normalized reference
position. The tlared region and the peg region, independently,
may have a thickness of from about 20 nm to about 60 nm,
from about 30 nm to about 45 nm, or even from about 35 nm
(measured 1n the “z” direction). Further description of dis-
closed NFTs with flared pegs and methods of making them
are disclosed, for example, 1n U.S. Publication No. 2014/
0251948.

The disclosed near-field transducers can include a sub-
strate which has been at least partially covered with a thin
layer of plasmonic matenal. The substrate can comprise any
maternial capable of supporting a thin layer of plasmonic
matenal. Typical substrates include silicon waters, 1norganic
and organic dielectrics, polymer dielectrics, glass, non-con-
ductive metals and ceramics. Typical plasmonic materials
include at least one of aluminum, silver, copper, gold, and
alloys thereot. Gold s a typically used material due to 1ts good
mechanical properties, coupling efficiency and its ability to
generate surface plasmons.

FIG. 4B 1s a plan view of another disclosed near-field
transducer used 1n a HAMR magnetic recording apparatus or
system. NFT 400 includes enlarged region 402, flared region
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412, and peg region 414. Peg region 414 includes output end
407 disposed proximate the media-tfacing surface. NFT 400 1s
formed from a thin film of plasmonic material (e.g., gold,
silver, copper, aluminum, or an alloy thereot) on a substrate
parallel plane of the slider proximate the write pole (e.g.,
write pole 209 1n FIG. 2). Flared region 412 has flare angle,
(), wherein (o) 1s the angle between a reference position
normal to the output end of flared region 412 and an outside
edge of flare region 412. In FIG. 4B the flare angle, a, of flare
region 412 1s shown by the dashed lines indicating the angle.

Peg region 414 directs energy 408 produced by NFT 400 at
output end 407 towards the air-bearing surface of magnetic
recording medium in direction of arrows 408. Enlarged
region 402 may comprise a variety of geometries and 1s not
limited to a circular disc, as shown 1 FIG. 4B. For example,
enlarged region 402 may have a circular, elliptical, rectangu-
lar, or triangular cross-section. Furthermore, each cross-sec-
tion may include extended regions to create an even larger
cross-sectional area.

The NFTs with flared regions as shown in FIGS. 4A and 4B
define a volume of plasmonic material that 1s larger than that
of an NFT without a flared region. This larger volume pro-
vides lower thermal resistance between the enlarged region
and the flared region than 1n a typical NFT without a flared
region. By providing an NFT with larger cross-sectional area
the thermal resistance of the NFT can be reduced and the
larger area can act as a heat sink and direct more heat away
from the output end.

In some embodiments, the disclosed near-field transducers
can include a peg region that has a length (e.g., 426 from FIG.
4B) that 1s from about 10 nm to about 30 nm, from about 15
nm to about 25 nm, or about 20 nm in length. In some
embodiments, the flare region may have a length (e.g., 422
from FIG. 4B) that can extend from about 10 nm to about 30
nm from the break point of the near-field transducer. In some
embodiments, the peg region may have a length (e.g., 424
from FIG. 4B) that can extend from the output end of the
flared region from about 10 nm to about 30 nm to the output
of the peg region (e.g., 407). In some embodiments, the flare
angle, a, can make an angle of from about 15 degrees to about
30 degrees from the normalized reference position. The peg
can have a width (measured across the face of the peg) of from
about 20 nm to about 60 nm, from about 30 nm to about 45
nm, or even from about 35 nm. The peg region may also have
a thickness of from about 20 nm to about 60 nm.

FIGS. 5A and 5B are photomicrographs ol near-field trans-
ducers made including peg regions of disclosed near-field
transducers. In some cases, plasmonic near-field transducers
can be made by using multiple steps or multiple masks, and
may comprise at least two separate regions (e.g., enlarged
region and peg region). Separate regions may also consist of
different compositions. The compositions of each region may
be selected from at least one of gold, silver, copper, alumi-
num, and alloys thereof. FIGS. 6 A and 6B are photomicro-
graphs of a disclosed near-field transducer showing flared
region 610. FIG. 6B 1s an enlargement of the flared region 610
of FIG. 6A as shown by the arrow.

During the operation of the plasmonic near-field trans-
ducer, the plasmonic near-field transducer experiences a tem-
perature rise. Modeling (finite element analysis of heat flow)
has shown 1t 1s highest in the peg region of the near-field
transducer. The models indicate that the electromagnetic field
generated within the near-field transducer during the record-
ing operation 1s highest within the peg region. Models show
that the amplitude of the electromagnetic field 1s directly
proportional to the energy absorption level. The disclosed
plasmonic near-field transducers may include a flared region
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for cooling the NFT through improved heat dissipation from
the peg region to the enlarged region.

A significant temperature rise within the peg region may
create reliability 1ssues 1n the life of HAMR heads. Relhiability
1ssues might include NFT corrosion, degradation of a protect-
ing overcoat layer and subsequent write pole corrosion,
weakening of mechanical properties of NFT, and melting.
Modeling indicates that the temperature rise within the peg
region may be much higher 1n comparison to the enlarged
region of the NFT. To reduce the temperature of the peg
region and to reduce the temperature gradient of near-field
transducers, the thermal resistance between the peg region
and the enlarged region should be reduced. In accordance
with Fourier’s law, the thermal resistance of an article 1s
directly proportional to the length of that article. The thermal
resistance of an article 1s also 1nversely proportional to the
cross-sectional area and the thermal conductivity of that
article. With respect to plasmonic near-field transducers use-
ful in HAMR, the number of usetul materials 1s limited. As a
result, the thermal conductivity of the peg region 1s not easily
altered by changing plasmonic materials. The thermal resis-
tance of plasmonic near-field transducers can therefore
altered by either reducing the length of the peg region or by
increasing the cross-sectional area of the peg 1n a “lollipop™
plasmonic near-field transducer. However, recording require-
ments for a certain track width must be taken 1nto consider-
ation. The track width may require a specific cross-sectional
area of the peg at the air bearing surtace (ABS). For example,
specific wavelengths of laser light require a specific enlarged
region size, as well as, a specific peg region length, 1n order to
achieve maximum coupling efficiency.

In order to find the optimal electromagnetic and thermo-
mechanical design for more thermally resistant plasmonic
near-field transducers, various designs of the peg region have
been studied 1n both, electromagnetic and thermo-mechani-
cal models. FIG. 7 shows a series of schematic illustrations of
NFTs having varying flared regions and, optionally, peg
regions that were used for disclosed electromagnetic and
thermo-mechanical modeling. All models were designed
using a FePt magnetic media with approximately less than 10
nm spacing between the recording head and media. The NFT
models 1included various sizes and shapes of tlared regions
with and without peg regions.

FIGS. 7A, 7D, and 7G are schematic 1llustrations of “lol-
lipop” NFT designs that do not have a flared region and only
include enlarged regions and peg regions that extend 10 nm,
20nm, and 30 nm from the break point to the output end of the
peg region. These designs were used as comparative designs.
The NFT designs shown in FIGS. 7B, 7E, and 7H have flared
regions that include flared regions 710 that are 10 nm in length
as measured from the break point. The flared regions are 10
nm, 20 nm, and 30 nm respectively 1n length. The NFT's in
FIGS. 7E and 7H include peg regions 713 that are 10 nm and
20 nm 1n length respectively and extend from the end of the
flared region to output end of the pegregion. The NFT i FIG.
71 includes peg region 715 that1s 10 nm 1n length and extends
from the end of flared region 710 to output end of the peg
region.

For modeling the length of the flared regions was varied 1n
length from about 10 nm to about 30 nm from the break point
towards the output end. Peg regions, if present, extended from
about 10 nm to about 20 nm from an end of the flared region
towards the output end. Flare regions varied from about 10 nm
to about 20 nm and began “flaring” approximately 10 nm and
20 nm away from the break point, or immediately after the
break point. For modeling, the flare angle (e.g., (o) from FIG.
4A) for each flare region was held constant at about 18°. In
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some 1nstances, the peg region was to be cut to achieve the
appropriate peg region length. For example, a 10 nm peg with
a flare region that began approximately 20 nm away from the
break point was cut or lapped at about 10 nm away from the
break point. The resulting cross-section of the cut flared
region had a different cross-section from an uncut flared peg
of the same approximate length. An NFT having a 10 nm peg
with a 10 nm flare distance from the break point had a ditter-
ent cross-section than a 10 nm cut peg with a 20 nm flare
distance from the break point.

The results from the modeling studies are provided in
Tables 1-3 shown below:

TABL.

LL1)
[

Coupling Efficiency Normalized (CE__norm) with respect to Baseline

NFT Length (Flared

Region + Peg 10 nm Flare 20 nm Flare

Region) Peg Region Region Region
10 nm 0.987 0.964 0.937*
20 nm 1.0 (baseline) 1.015 0.992
30 nm 0.579 0.620 0.672

*Flare cut from 20 nm in length to 10 nm 1n length resulting 1n larger cross-section at ABS.

First the electromechanical model (based upon Maxwell’s
equations) was used to determine the coupling efficiency of
light energy (from a waveguide) directed to a focal point
adjacent to plasmonic near-field transducers having various
configurations as listed i Table 1 and diagrammed 1n FIGS.
7A-1. The coupling elliciencies are calculated energy output
from the plasmonic near-field transducer divided by the
energy input into the plasmonic near-field transducer. Table 1
shows the coupling efficiencies of various designs with the
data normalized to a baseline. The results provided in Table 1
show that an introduction of a flared peg does not significantly
alfect the coupling efficiency (<4%), as long as the peg length
1s less or equal to 20 nm. In the case of the 20 nm peg length,
and 10 nm flare length, the coupling efficiency has even been
shown to improve. Table 2 displays the maximum change 1n
temperature increase within the peg based upon the same
modeling.

TABL.

2

(L]

Max Change in Temperature Increase within NFT (° K)

Peg Length NFT
Length (Flared Region + 10 nm 20 nm
Peg Region) Peg Region  Flare Region  Flare Region
10 nm 8.66 6.86 8.36%
20 nm 9.29 (baseline) 9.04 8.75
30 nm 8.36 8.28 8.23

*Flare cut from 20 nm in length to 10 nm 1n length resulting in larger cross-section at ABS.

In order to analyze temperature data and electromagnetic
data of different peg designs simultaneously, the tempera-
tures were scaled with the normalized values of the coupling,
elficiency, so that the near-field transducers effectively deliv-
ered the same amount of energy to the media. Results of the
peg temperatures normalized with CE norm (coupling effi-
ciency normalized temperatures ) are shown below 1n Table 3.
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TABL.

(Ll

3

Steady State Change 1in Temperature Increase within
Pegs Normalized to CE (° C.)

Peg Length Narrow Region 10 nm Flare Region 20 nm Flare Region

10 nm 8.77 7.11 8.92°%
20 nm 9.29 (baseline) 8.9 8.82
30 nm 14.44 13.35 12.25

*Flare cut from 20 nm in length to 10 nm 1n length resulting in larger cross-section at ABS.

The data from Table 3 show that introducing the flare angle 1n
the peg design may create a reduction in the temperature
increase. The results of the flared peg designs showed a
reduced temperature increase of the peg by about 5% to about
23%, without significantly affecting the coupling efficiency.
In view of the models, for all peg lengths less than or equal to
20 nm the temperature increase within the peg was reduced.
For the 30 nm long pegs, even though maximum temperature
of the pegs, as shown 1n Table 2, was lower than the baseline
design, the effective temperature change for the 30 nm long
pegs was significantly increased by 30-50%. This significant
temperature increase ol the 30 nm long pegs was due to
having severely compromised coupling efficiency as shown
in Table 1.

In another aspect, a method of using a plasmonic near-field
transducer 1s disclosed that includes delivering light to a
transducer region via a waveguide. Disposed within proxim-
ity to the transducer region 1s an mput end of a plasmonic
near-field transducer that recerves the light. The light 1s then
passed through the plasmonic near-field transducer and 1s
delivered as a surface plasmon-enhanced near-field radiation
pattern proximate the output end of the plasmonic transducer.
The plasmonic near-field transducer 1s positioned adjacent to
a focal point. In some cases the focal point may be 1n refer-
ence to a location on a magnetic media. Recording to the
magnetic media may require heating the magnetic media
using the plasmon-enhanced near-field radiation directed to a
focal point, while a recording pole located proximate to the
plasmonic near-field at the air-bearing surface may be used to
record data. In some cases, methods of cooling the plasmonic
near-field transducer may be used to improve the perior-
mance ol the plasmonic near-field transducer. In some
embodiments, a dielectric material can be disposed between
the recording pole and the plasmonic near-field transducer at
the air-bearing surface.

Suitable dielectric materials can include metal oxides such
as, for example, Al,O,, Y,0; Hi0, MgO, 8510,, and S1O,N,,
(0<x<2; 0<y<4/3), or spin-on dielectrics such as spin on
glasses (silicates, siloxanes, silsesquioxanes), doped glasses,
and suspended nanoparticles. Organic spin-on dielectrics
include polymers that can have dielectric properties and can
include polyimides, benzocyclobutene, polyphenylquinoxa-
lines, polysilazanes, fluoropolymers, and highly aromatic
polymers. The use of dielectrics, particularly spin-on dielec-
trics 1s disclosed 1n U.S. Pat. No. 8,885,448,

All references and publications cited herein are expressly
incorporated herein by reference in their entirety into this
disclosure except to the extent they may directly contradict
this disclosure. Although specific embodiments have been
illustrated and described herein, 1t will be appreciated by
those of ordinary skill in the art that a vaniety of alternate
and/or equivalent implementations can be substituted for the
specific embodiments shown and described without depart-
ing from the scope of the present disclosure. This application
1s intended to cover any adaptations or variations of the spe-
cific embodiments discussed herein. Therefore, it 1s intended
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that this disclosure be limited only by the claims and the
equivalents thereof. All references cited within are herein

incorporated by reference 1n their entirety.

What 1s claimed 1s:

1. An apparatus comprising:

a waveguide shaped to direct light having wavelengths on

the order of 700-15350 nm to a focal point; and

a plasmonic near-field transducer positioned adjacent to

the focal point, wherein the near-field transducer com-
prises an enlarged region at an input end and a flared
region that narrows towards an output end, the enlarged
region having a circular cross-section and the flared
region 1n contact with the enlarged region,

wherein the plasmonic near-field transducer has a break

point located on the enlarged region at a point closest to
the output end of the flared region, and wherein the
flared region extends from about 10 nm to about 30 nm
from the break point towards the output end which 1is
adjacent to an air-bearing surface.

2. An apparatus according to claim 1, wherein the plas-
monic near-field transducer has flare angle of from about 15
degrees to about 30 degrees.

3. An apparatus according to claim 1, wherein the flared
region has a thickness of from about 20 nm to about 60 nm.

4. An apparatus according to claim 1, wherein the plas-
monic near-field transducer comprises at least one of gold,
copper, silver, aluminum, or an alloy thereof.

5. An apparatus according to claim 4, wherein the plas-
monic near-field transducer comprises gold.

6. An apparatus according to claim 1, wherein the plas-
monic near-field transducer comprises at least two separate
regions.

7. An apparatus according to claim 6, wherein each sepa-
rate region consists of a different composition.

8. An apparatus according to claim 7, wherein the different
compositions comprise gold, aluminum, silver, and copper.

9. An apparatus according to claim 1, wherein plasmonic
near-field transducer has a coupling efficiency of greater than
about 0.9.

10. An apparatus according to claim 1, wherein the plas-
monic near-field transducer has a temperature rise of less than
about 10° C. normalized to the coupling efficiency.

11. An apparatus according to claim 1, wherein a peg
comprises a narrow region in contact with the output end of
the flared region, the narrow region having an end adjacent to
the air-bearing surface.
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12. An apparatus comprising;:

a waveguide shaped to direct light having wavelengths on

the order of 700-1550 nm to a focal point; and
a plasmonic near-field transducer positioned adjacent to
the focal point, wherein the near-field transducer com-
prises an enlarged region at an input end and a flared
region that narrows towards an output end, the enlarged
region having a circular cross-section and the flared
region in contact with the enlarged region, wherein the
plasmonic near-field transducer has a peg region that
extends from the flared region to the output end.,

wherein the plasmonic near-field transducer has a break
point located on the enlarged region at a point closest to
the output end of the flared region, and wherein the
output end of the peg region 1s from about 10 nm to about
30 nm from the break point and the output end 1s adja-
cent to an air-bearing surface.

13. An apparatus according to claim 12, further comprising
a peg region that extends from about 10 nm to about 20 nm
from an end of the flared region towards the output end.

14. A method comprising:

delivering light having wavelengths on the order of 700-

1550 nm to a magnetic transducer region via a
waveguide;

recerving the light at a plasmonic near-field transducer

having an output end and disposed 1n proximity to the
magnetic transducer region; and

delivering a surface plasmon-enhanced near-field radiation

pattern proximate the output end of the plasmonic trans-
ducer 1n response to receiving the light, wherein the
near-field transducer comprises an enlarged region at an
input end and a flared region 1in contact with the enlarged
region at a break point, the enlarged region having a
circular cross-section and the flared region extending
from about 10 nm to about 30 nm from the break point
towards the output end.

15. A method according to claim 14, further comprising
cooling the plasmonic near-field transducer.

16. A method according to claim 14, further comprising
recording to a magnetic media via a recording pole located
proximate to the near-field plasmonic transducer at an air-
bearing surface, wherein a dielectric material 1s disposed
between the recording pole and the plasmonic near-field
transducer at the air-bearing surface.

17. A method according to claim 14, wherein the near-field
transducer comprises a peg in contact with the enlarged
region at a flare angle and an end adjacent to an air-bearing
surtace.
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